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0 Grain-oriented electrical steel sheet with very low core loss and method of producing the same. 

@ A method of producing a grain-oriented electrical steel sheet with a very low core loss comprises the steps 
of obtaining a rolled strip of final product thickness using as a starting material molten steel consisting of not 
more than 0.10 wt% C, 2.5 - 7.0 wt% Si. ordinary Inhibitor components and the balance of iron and unavoidable 
impurities, heating the strip to a temperature range of not less than 700 " C at a heating rate of not less than 80 
• C/s and within 0.1 second after the maximum temperature has been reached cooling the strip at a cooling rate 
of not less than 50 ' C/s, and subjecting the strip to decarburization annealing and final finish annealing. 
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The present invention relates to a grain-oriented electrical steel sheet with very low core loss owing to a 
Si content of 2,5 - 7.0%, high density grain orientation in the (110) [00 1] direction and an unprecedentedly 
fine grain dianneter. 

The magnetic properties of a grain-oriented electrical steel sheet are generally evaluated in terms of 
5 both core loss property and magnetization property. Improving the magnetization property is an effective 
way of reducing equipment size by increasing the designed magnetic I flux density. On the other hand, 
lowering core loss reduces the amount of energy that a piece of electrical equipment utilizing the girain- 
oriented electrical steel sheet loses in the form of heat energy and is therefore an effective way of lowering 
power consumption. Improvement of magnetization property and reduction of core loss is also possible by 
10 aligning the <100> axes of the product grains in the rolling direction and. in recent years, considerable 
research toward enhancing this alignment has led to the development of various production technologies. 

The result has bfeen that the technologies commonly used in the manufacture of typical grain-oriented 
electrical steel sheet how fall under three types. 

The first of these, disclosed in JP-B-30'3651, is a two- pass cold rolling method utilizing MnS as an 
76 inhibitor. Although this method achieves a relatively good core loss property owing to the small diameter of 
the secondary recrystallization grains, it is unable to provide a high magnetic flux density. 

For overcoming this problem. JP-B-40-1 5644 proposes a second method aimed at obtaining a high flux 
density- This production method utilizes a combination AIN + MnS as inhibitor and conducts the final cold 
rolling at a strong reduction ratio of 80%. Since the secondary recrystallization grain (110) [001] orientation 
20 density is high according to this method, the method can provide a grain-oriented electrical steel sheet with 
a high flux density, namely with a Ba value of not less than 1 .870 (T). 

JP-B-51 -13469 teaches the third production method, which adopts MnS or a combination of MnSe + 
Sb as inhibitor and utilizes two-pass cold rolling. 

Core loss can be broadly divided into hysteresis loss and eddy current loss. Physical factors that affect 
25 hysteresis loss include not only the aforesaid grain orientation but also the steel purity and internal strain. 
Physical factors that affect eddy current loss include the electrical resistance of the steel sheet (content of 
Si etc.). the sheet thickness, the size of the magnetic domains (grain size) and the tensile force acting on 
the sheet. Since eddy current loss accounts for more than three-fourths of the total core loss of ordinary 
grain-oriented electrical steel sheet, the total core loss can be more effectively lowered by reducing the 
30 eddy, core loss than by reducing the hysteresis loss. 

Thus, although the grain-oriented electrical steel sheet provided by the second production method 
mentioned above may be able to achieve high density secondary recrystallization orientation in the (110) 
[001] direction and thereby attain a high flux density of Bg = 1,870 (T) or higher, the fact that its secondary 
recrystallization grain diameter is on the order of 10 mm means that it is left with the problem of wide 
35 magnetic domains that affect the eddy current loss. Various methods of subdividing magnetic domains have 
been proposed to overcome this problem, such as the method of treating steel sheet with a laser beam 
taught by JP-B-57-2252 and the method of imparting . mechanical strain to steel sheet taught by JP-B-58- 
2569. 

There were then developed production methods which, by achieving fine secondary recrystallization 

40 grain diameters, were able to provide grain-oriented electrical steel sheet with lower core loss than in the 
past. JP-A-1-290716, for example, teaches a method characterized in that steel strip rolled at normal 
temperature is subjected to ultra-fast annealing to a temperature of 675 • C or higher at a heating rate of at 
least 100 'C/s, decarburized. and then subjected to final high-temperature annealing for secondary grain 
growth, whereby the strip is able to maintain the reduced secondary grain recrystallization size and remain 

45 without significant change even after relief annealing, thus achieving an improved core loss property. While 
this method is in fact able to achieve some degree of reduction in secondary recrystallization grain size, the 
secondary recrystallization grain (110) [001] orientation density is not high and, as a result, it has been 
found that the core loss value is not so good. 

Any attempt, such as in JP-A-1-290716, to obtain the desired low core loss by reducing the average 

50 secondary recrystallization grain diameter so as to realize a smaller magnetic domain width is bound to 
experience an increase in the ratip of the small secondary recrystallization grains whose (110) [001] axes 
deviate from the rolling direction and thus be prevented from achieving a large improvement in the core 
loss value at the time the surface of the steel sheet is coated with a forsterite or insulating coating. 

One object of this invention is to provide a grain-oriented electrical steel sheet which has very low core 

55 loss and exhibits both high secondary recrystallization grain (110) [001] orientation density and small 
secondary recrystallization grain diameter and another is to provide a method of producing the grain- 
oriented electrical steel sheet. The invention is characterized by rapid heating immediately followed by 
cooling. 
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The invention will be described In detail in connection with the drawings, in which: 
Fig. 1<a) and 1(b) are pole figures showing how the orientation of secondary recrystallization grains 
nneasuring 5 mm or less in diameter varies depending on whether or not the steel sheet is cooled after 
rapid heating. 

5 Fig. 2 Is a graph showing the relationship between core loss value and the cooling rate by an exit side 
roll. 

Fig. 3 is a schematic view of an example of an electric heating method according to the invention. 
One aspect of the present invention provides a method of producing a grain-oriented electrical steel 
sheet with a very low core loss comprising the steps of obtaining a rolled strip of final product thickness 
70 using as a starting material molten steel consisting of not more than 0.10 wt% C, 2.5 - 7.0 wt% Si, ordinary 
inhibitor components and the balance of iron and unavoidable impurities, heating the strip to a temperature 
range of not less than 700 at a heating rate of not less than 80 'C/s and within 0.1 second after the 
maximum temperature has been reached cooling the strip at a cooling rate of not less than 50 'C/s, and 
subjecting the strip to decarburization annealing and final finish annealing. 
16 Another aspect of the invention provides a method of producing a grain-oriented electrical steel sheet 

with a very low core loss wherein the step of rapidly heating and cooling the strip is conducted by passing 
electric current through the strip between rolls to heat the strip and cooling it by a roll on the heated side. 

Another aspect of the invention provides a method of producing a grain-oriented electrical steel sheet 
with a very low core loss wherein the step of rapidly heating and cooling the strip is conducted in a non- 
20 oxidizing atmosphere. 

Another aspect of the invention provides a method of producing a grain-oriented electrical steel sheet 
with a very low core loss wherein the strip is heat treated by being held for not less than one minute in a 
temperature range not lower than 100 one or more times at intermediate thickness stages in the course 
of rolling to final product thickness. 
25 The grain-oriented electrical steel sheet according to the aforesaid production method features an 

orientation of the crystal grains with respect to the ideal (110) [001] direction which, on average, deviates by 
not more than 4 • in the rolling direction and 1 - 3 • in the plane direction of the sheet, while also exhibiting 
grain diameters of 1 - 10 mm. As a result, it has very low core loss. 

Moreover, by subjecting the grain-oriented electrical steel sheet produced by the aforesaid method to 
30 magnetic domain subdivision processing there is obtained a grain-oriented electrical steel sheet exhibiting 
outstanding magnetic properties. 

The invention will now be explained in detail. 

In the production of grain-oriented electrical steel sheet a high degree of secondary recrystallization is 
induced during the final annealing step of the production process so as to obtain what is referred to as a 

35 Goss texture. The Goss texture is obtained by suppressing the growth of coarse primary recrystallization 
grains and within a certain temperature range selectively growing only recrystallization grains with (110) 
[001] orientation. In other words, it is necessary to provide a base material amenable to secondary 
recrystallization. This requires that fine inclusions be evenly dispersed throughout the base material as 
primary recrystallization suppressing agents (inhibitors). It is generally accepted that the size of these 

40 precipitants should preferably be on the 100 A order. 

As explained in JP-A-1-290716. rapid heating produces a texture with a larger number of (110) [001] 
oriented grains following primary recrystallization than does ordinary heating and since these grains serve 
as nuclei for secondary recrystallization, it becomes possible to obtain somewhat smaller secondary 
recrystallization grains. Moreover, although it is claimed that the mechanism achieved in the production 

45 method according to the eariier mentioned patent publication involves two changes, one in the primary 
recrystallization structure prior to the final decarburization annealing step and another in the primary 
recrystallization structure prior to the high-temperature annealing step, it was found that the primary 
recrystallization structure control by this production method alone is not sufficient. 

Various studies were therefore conducted regarding factors making it possible to obtain fine secondary 

50 recrystallization grains. As a result, it was found that by heating the strip to a temperature range of not less 
than 700 "C at a heating rate of not less than 80 'C/s and then within 0.1 second after reaching the 
maximum temperature using a roll on the heated side to cool the strip at a cooling rate of not less than 50 
* C/s, the precipitates do not enlarge but can be maintained at an optimum precipitation size on the order of 
100 A in the high temperature region. Owing to this finding, it became possible to obtain an unpreceden- 

55 tedly small secondary recrystallization grain diameter and thus produce a grain-oriented electrical steel 
sheet with a very low core loss. 

Fig. 1(a) and 1(b) are (100) pole figures of fine secondary recrystallization grains measuring not more 
than 5 mm in diameter. The thickness of the product sheets was 0.22 mm. Rg. 1(a) shows the orientation of 

4 
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fine secondary recrystallization grains by a prior art method in which heating was conducted at the rate of 
300 'C/s at the time of decarburization annealing and Fig. 1(b) shows the orientation of fine secondary 
recrystallization grains by the present invention in which, at the time of decarburization annealing, heating 
was conducted at the rate of 300 • C/s up to 850 • C and then within 0.1 second cooling was conducted at 

6 the rate of 200 'C/s down to 750 'C. followed by secondary recrystallization. By the present invention,, 
even the fine secondary recrystallization grains exhibited (110) [001] orientation aligned in the rolling 
direction. The products exhibited core loss properties of W17/50 = Q-90 (W/kg) in the case of Fig. 1(a) and 
W17/50 = 0.81 (W/kg) in the case of Fig. 1(b). 

The inventors also discovered that in addition to controlling primary recrystallization it is also important 

70 to control the oxide coating. That is to say, the secondary recrystallization has to be well timed with respect 
to the formation of forsterite by the reaction with MgO. 

\A/hen. as in J P-A- 1-29071 6. an attempt is made to realize the desired low core loss by reducing the 
magnetic domain width through reduction of the average secondary recrystallization grain diameter, a 
problem invariably arises when forsterite (2MgO • Si02) or the like is formed during the ensuing final 

75 annealing by coating with MgO. Specifically, the coating tension is not adequate for improving the magnetic 
properties. 

A careful investigation of the cause behind this revealed that the fornnation of forsterite is greatly 
impaired by the presence of an oxide film that forms during the heating phase of the decarburization 
annealing. Since the oxide film is formed under sudden exposure to high temperature owing to the rapid 
20 heating of the steel strip, the formation process differs greatly from that of ordinary oxide film in that it is 
characterized by preferential formation of fayalite (2FeO-Si62). In ordinary prior art heating (20 "C/s), Sib2 
and fayalite form after decarburization has started. 

For overcoming the foregoing problem, the inventors sought to suppress fayalite formation during the 
heating phase as much as possible and found that when the rapid heating Is conducted in a non-qxidizing 
25 atmosphere, the formation of fayalite is suppressed and the formation of forsterite by coating with MgO 
during the foljowing final annealing is achieved in excellent condition, thus providing a rhethbd of producing 
grain-oriented electrical steel sheet with a very low core loss. 

In addition, they discovered that the cold rolling conditions are also important to the improvement of. the 
core loss property. 

30 More specifically, they discovered that heat treatment at a prescribed temperature conducted at an 
intermediate sheet thickness stage of the cold rolling causes interstitial solid solution elements such as 
solute C to attach to the dislocations formed by the cold rolling and thus alter the deformation mechanism 
and modify the cold rolled texture. They also found that a heat treatment to a temperature of not less than 
700 * C at a heating rate of not less than 80 * C/s immediately before decarburization annealing followed by 

35 prescribed cooling makes it possible to obtain fine secondary recrystallization grains which measure not 
more than several millimeters and whose (110) [001] direction is as close as 2* to the sheet plane 
direction. Since this results in a large margin for improvement in the core loss value at the time of thereafter 
applying a coating to the steel sheet surface, it becomes possible to realize a low core loss. According to 
Nozawa et al. (IEEE. Trans-Mag. Mag-14. No. 4 (1978) 252). the core loss reduction effect is greatest when 

40 the secondary recrystallization orientation lies 2 " from the sheet plane direction. The present invention can 
be presumed to achieve a similar effect. Thus, a large improvement in the core loss property is obtained by 
applying tension to the surface of the steel sheet through the formation of a forsterite or insulation filnfi. The 
final core loss value achieved is therefore very low. 

As disclosed in JP-B-54-13846, the heat effect obtained when the steel strip is held in the temperature 

45 range of 50 - 350 • C for not less than one minute during cold rolling enables production of a grain-oriented 
electrical steel sheet exhibiting extremely good magnetic properties. Despite enabling some degree of 
reduction in core toss, this production method does not achieve a preferable core loss value, however, 
because the macro secondary recrystallization value is still large (on the 10 mm ordei'). 

The reasons for the limits on the steel components and production conditions according to the present 

60 invention will now be explained in detail. 

The reasons for the limits on the steel components are as follows. 

C is limited to a maximum content of 0.10% because at higher content the time required for 
decarburization becomes so long as to be uneconomical. 

Si content is set to a lower limit of 2.5% for improving core ioss property and to an upper limit of 7.0% 
55 because at higher content cracking is apt to occur during cold rolling, making it difficult to work the steel 
sheet. 

In addition, for producing a grain-oriented electrical steel sheet, the steel is preferably added with the 
following component elements as ordinary inhibitor components. 

5 
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When MnS is used as an inhibitor. Mn and S are added. For ensuring appropriate dispersion of the 
MnS, the Mn content is preferably 0.02 - 0.15%. S is and element required for the formation of MnS. (Mn • 
Fe) S For obtaining an appropriately dispersed state, it is preferably present at 0.001 - 0.05%. 

When AIN is used as an inhibitor, acid soluble Al and N are added. For ensuring appropriate dispersion 
of the AIN, the acid soluble Al content is preferably 0.01 - 0.04%. For the same purpose. N is preferably 

present at 0.003 - 0.02%. ' ^ „ 

One or more of Cu. Sn. Sb. Cr and Bi can also be added up to not more than 1.0% for strengthening 

the inhibitors. ^. „. 

The aforesaid steel melt is formed into a strip of intermediate thickness by the ordinary ingotting or 
continuous casting method and hot rolling. The strip casting method at this time can also be applied to the 

'"^^When a nitride is required as an inhibitor, it is preferable to conduct intermediate annealing for 30 
seconds - 30 minutes at 950 - 1200 • C for precipitating AIN or the like. 

Next a strip of final product thickness is obtained by a single rolling or two or more rollings with 
intermediate annealing. For obtaining a product with high Goss density at this time, it is necessary to use a 
final reduction rate of not less than 50%. The lower limit of the reduction ratio is set at 50% for obtaining 
the required Goss nuclei. 

For improving the magnetic properties, the cold rolling is conducted in a plurality of passes so that the 
strip thickness passes through different stages before reaching the final thickness. In at least one of the 
intermediate strip thickness stages, the strip may be imparted with a heat effect by holding it in a 
temperature range of not lower than 100 -C for not less than one minute. The lower limit of the temperature 
is set at 100 • C and the lower limit of the soaking time is set at 1 minute because at below these limits the 
solute C or the like does not attach to the dislocations, making it difficult to thereafter alter the pnmary 
recrystallization texture and sufficiently develop fine secondary recrystallization with (110) [001] aligned with 
the rolling direction. These cold rollings can be conducted by conventional reverse rolling (e.g.. rolling with 
a Sendzimir mill) or by one-direction rolling (tandem rolling). 

The strip rolled to the final product thickness is heat treated by heating to a temperature range of not 
less than 700 -C at a heating rate of not less than 80 -C/s. The lower limit of the heating rate is set at 80 
•C/sec because at a lower rate the number of (110) [001] oriented grains present after primary recrystal- 
lization and serving as nuclei for secondary recrystallization is too small to ensure growth of fine secondary 
recrystallization grains. The lower limit of the temperature is set at 700 'C because recrystallization does 
take place at lower temperatures. For preventing enlargement of the fine precipitates in the temperature 
range to which the strip is heated, the strip is cooled at a cooling rate of not less than 50 • C/s. The upper 
limit of the soaking time after reaching the maximum temperature is set at 0.1 second because a longer 
soaking time causes enlargement of the precipitants. The lower limit of the temperature range is preferably 
set at 800 -C because at lower temperatures the precipitation nose shifts greatly. Figure 2 shows the 
relationship between the product core loss property and the cooling rate to 650 'C in a 0.22 mm strip that 
was heated to 825 'C at a heating rate of 180 -C/s. A good core loss value was obtained when the cooling 
rate was not less than 50 * C/s. . 

As one method of conducting the aforesaid rapid heating and cooling treatment, it is possible to pass 
electric current between roll pairs. Figure 3 is a schematic view showing an example of this method 
according to the invention. The strip is passed between two pairs of upper and lower rolls and electnc 
current is passed through the strip S between rolls R1 and R2. As a result, the strip S is heated to a 
temperature range of 700 -C or higher at a heating rate of 80 -C/s or higher and then within 0.1 second of 
reaching its maximum temperature is. owing to the cooling of the point P of the roil R2 on the heated side 
cooled by the roll on the heated side at a cooling rate of not less than 50 ' C/s. By the introduction of slight 
strain in this way it is further possible to improve the shape of the heated strip. 

The properties of the product are hjrther improved when, in the light of concerns relating to film 
formation and the like, the rapid heating and cooling treatment is conducted in a non-oxidizing atmosphere 
which, preferably, has a P„2o/Ph2 of not more than 0.2, because in other atmospheres the fomiation of 
favalite is not suppressed and highly favorable formation of forsterite by coating with MgO cannot be 
obtained during the ensuing final annealing. By a "non-oxidizing atmosphere" is meant either one 
containing 1 to 3 members selected from among not more than 0.2% O2. 2% CO2 and H2O with a dew 
point of not higher than 5 -C and the balance of Nz, Ar or other inert gas or one consisting of Hz. CO or 
56 other reducing gas. In the case of using H2 or CO. however, it is necessary for Phzo/Phz to be not greater 
than 0.2 or for Pco2/Pco to be not greater than 1.0 ^ ■ 

The aforesaid rapid heating and cooling treatment can be conducted before the decarbunzation 
annealing is conducted or can be incorporated into the heating phase of the decarburization annealing. The 
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latter arrangement is preferable because it involves fewer steps. 

Decarburization annealing is then conducted in a wet hydrogen atmosphere. To prevent degradation of 
the product's magnetic properties at this time, the carbon content has to be reduced to not nnore than 
0.005%. In the case where the heating temperature of the slab is low and only AIN is used as inhibitor, an 

5 additional step of nilriding in an ammonia atmosphere may be conducted. By further applying MgO or some 
other annealing release agent and then conducting secondary recrystalifzation and finish annealing at not 
lower than 1100 *C. there is produced a grain-oriented electrical steel sheet with an very low core loss. 

By further applying an insulating film over the film of forsterite or the like, there is produced a grain- 
oriented electrical steel sheet with very low core loss. The aforesaid magnetic properties are such that the 

10 low core loss is maintained unchanged even if stress relieving anneailing is conducted thereafter. 

Since the grain-oriented electrical steel sheet obtained by the aforesaid production method has a grain 
diameter of 1 - 10 mm and a grain orientation whose average deviation from the ideal (110) [001] direction 
is not more than 4* in the rolling direction and between 1 and 3* in the sheet plane direction, it exhibits a 
very low core loss. The upper limit of the grain diameter is set at not more than 10 mm in order to reduce 

76 the eddy current component of the core loss and the lower limit thereof is set at 1 mm because secondary 
recrystallization is difficult to achieve below this value. Since the larger number of grain boundaries at such 
a small grain diameter is liable to reduce the magnetic flux density, the deviation of grain orientation from 
the rolling direction is set at not more than 4 • . The upper limit is set at 4 * because the lower magnetic flux 
density at higher values makes it impossible to achieve a reducing effect with respect to the hysteresis 

20 component of the core loss. The orientation deviation in the sheet plane direction is limited to 1 - 3* 
because at higher than 3 * a decrease in flux density makes it impossible to achieve a reducing effect with 
respect to the hysteresis component of the core loss and at lower than 1 • no core loss reducing effect is 
obtained by imparting tension. 

The aforesaid grain-oriented electrical steel sheet can also be subjected to magnetic domain subdivi- 

25 sion treatment for further enhancing the core loss property of the product. 

The rapid heating and rapid cooling nniethod according to the present invention makes it possible to 
produce a grain-oriented electrical steel sheet which, being of unprecedentedly small secondary recrystal- 
lization grain diameter, exhibits high flux density and very low core loss. 

30 Working examples 

(Example 1) 

A steel melt including the components shown in Table 1 was cast and the resulting slab was heated 
35 and then hot rolled into a 2.3 mm hot rolled strip. The strip was annealed at 1100 •C for 5 min, pickled, and 
then cold rolled to a thickness of 0.22 mm. The resulting rolled strip was heated under various conditions in 
a direct electric heater equipped with a pair of heating electrodes. In addition, the strip was subjected to 
various soaking times and cooling conditions immediately after heating. The heating rates, maximum 
temperatures reached and post-heating cooling conditions are shown in Table 2. 
40 The strip was then decarburization annealed in wet hydrogen, coated with MgO powder, and high- 
temperature annealed in a hydrogen gas atmosphere at 1200 for 10 hours. 

Table 2 also shows the secondary recrystallization grain diameter and magnetic properties of the 
products obtained. When within 0.1 second of being heated to the maximum temperature the steel strip was 
cooled at a cooling rate of not less than 50 * C/s, there was obtained a grain-oriented electrical steel sheet 
45 with unprecedentedly fine secondary recrystallization grains and exhibiting a very low core loss. 
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Table 1 




(wt%) 


c 


Si 


Mn P S 


sol . Al 


N 


0.070 


3.15 


0.083 0-008 0.023 


0.0280 


0.0087 



Table 2 



10 



15 



20 



25 



30 



Test 
condi • 
tions 


Heattng 
( "C/s) 


Max leap, 
( *C) 


Soaking 
tine 

(s) 


Cool ins 
rate 

(•C/s) 


Hin. 
cool i 09 
tenp. 
(*C) 


Hag. flux 
density 


Core loss 
^17/50 

(Jcg/U) 


2ndry 
recrystal- 
lization grain 
dia. <nn> 


Remark 


A 


62 


511 


0.31 


20 


351 


1.91 


1.11 


21.1 


Conp.Ex 


B 


63 


845 


0.03 


120 


554 


1.92 


1.09 


23.2 


Comp.Ex 


C 


134 


501 


0.31 


2200 


253 


1.89 


1.02 


17.5 


Coinp.Ex 


E 


140 


623 


0.32 


24500 


452 


1.90 


1.05 


21.0 


Comp.Ex 


f 


130 


712 


0.41 


24000 


552 


1.93 


0.94 


9.8 


Cooip.Ex 


G 


139 


809 


0.43 


24000 


750 


1.94 


0,92 


6.0 


Coinp.Ex 


H 


144 


851 


0.42 


20 


650 


1.92 


0.91 


5.5 


Conp.Ex 


1 


132 


505 


0.01 


24000 


620 


1.89 


0.89 


18.7 


Cofflp.Ex 


J 


135 


620 


0.02 


24000 


600 


1.90 


0.91 


19.5 


Co(np.Ex 


K 


86 


70S 


0.01 


220 


600 


1.94 


0.84 


5.0 


Invnt *n 


L 


141 


863 


0.03 


240 


840 


1.93 


0.88 


3.1 


Invnt'n 


M 


150 


850 


0.02 


1600 


670 


1.93 


0.82 


3.1 


Invnt 'n 


N 


153 


845 


0.02 


20 


670 


1.93 


0.82 


7.4 


Cotnp.Ex 


0 


250 


855 


0.04 


1200O 


790 


1.93 


0.83 


3.4 


Invnt'n 


P 


266 


853 


0.04 


22000 


600 


1.92 


0.81 


3.3 


Invnt'n 



(Example 2) 

35 A steel melt Including the components shown in Table 3 was cast and the resulting slab was heated 
and then hot rolled into a 2.3 mm hot rolled strip. The strip was annealed at 1 1 00 • C for 5 mm. picWed. and 
then cold rolled to a thickness of 0.22 mm. The resulting rolled strip was heated under various conditions in 
the roll-type direct electric heater shown in Figure 3. In addition, the exit side roll was preheated and the 
oass speed controlled to subject the strip to various soaking times and cooling conditions immediately after 

40 heating. The heating rates, maximum temperatures reached and exit side roll cooling conditions are shown 

^The strip was then decarburization annealed in wet hydrogen, nitrided in an ammonia atmosphere, 
coated with MgO powder, and high-temperature annealed in a hydrogen gas atmosphere at 1200 • C for io 

hours^^^^ ^ ^^^^ secondary recrystallization grain diameter and magnetic properties of the 
nroducts obtained. When within 0.1 second of being heated to the maximum temperature the steel stnp was 
cooled at a cooling rate of not less than 50 -C/s. there was obtained a grain-oriented electncal steel sheet 
with unprecedentedly fine secondary recrystallization grains and exhibiting a very low core loss. 
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Table 3 



(wt%) 



c 


Si 


Mn 


P 


S 


sol . Al 


N 


0.050 


3.15 


0.083 


0.008 


0.0002 


0.0280 


0.0087 
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Table 4 



5 



75 



20 



Test 
cond i ' 
tions 


Keating 
rate 

( *C/s) 


Hax temp. 
( *C) 


Soaking 


Cool ing 

\ 1-/5 J 


Min. 
tenp. 


Nag. flux 

V 1 i 


Core loss 
"17/50 


2ndry 

I ization grain 
dia. ((m) 


Renark 




62 






?4000 


TCI 


.1 "92 


. 1 
1 .09 


31.1 


Conp.Ex 


a 


o* - 




- n AY 
U.UJ 


24000 


CCA 


1 .VI 


1.10 


29.2 


Coop. Ex 


C 


i£3 




0.51 


22000 


253 


1 .90 


0.99 


18.5 


Coup. Ex 


c 


131 


604 




24O0O 


452 


1 ,90 


1 .04 


24.0 


Camp. Ex 


f 


142* 


713 


0-41 


24000 


SS2 


1 .94 


0.93 


10.8 


Conp.Ex 


G 




820 


0.43 


24O0O 


750 


1-93 


0.91 


.6.0 


Conp.Ex' 


H 


150 


857 


0.42 


20 


650 


1 .93 


0.89 


6.5 




.1 


111 


510 


0.01 


24O0D 


620 


1,90 


0.90 


15.7 


Conp.Ex 


J ' 


123 


606 


0.02 


24000 


600 


1.89 


0.91 


17.5 


. Coop. Ex 


K . 


134 


709 


0.01 


220 


600 


1.91 


0.83 


3,9 


. Invnt'n 


L 


145 


843 


0.03 


240 


835 


1.92 


0.89 


3.5 


I nvnt • n 


M 


150 


853 


0.02 


22000 


670 


1.92 


0.82 


4.0 


Invnt'n 


N 


150 


853 


0.02 


20 


670 


1.92 


0.90 


6.6 


Conp.Ex 


0 


250 


852 


0.04 


24000 


790 


1.92 


0.82 


4.0 


Invnt 'n 


P 


253 


860 


0.04 


22000 


800 


1.92 


0.83 


3.8 


Invnt *n 



(Example 3) 

A steel melt including the components shown in Table 5 was cast and the resulting slab was heated 
30 and then hot rolled into a 2.3 mm. hot rolled strip. The strip was annealed at 1100 *C for 5 min, pickled, and 
then cold rolled to a thickness of 0.22 mm. The rolled strip was heated to 851 • C at a heating rate of 250 
• C/s by two pairs of direct electric heating rolls and 0.01 second after reaching its maximum temperature 
was cooled by the exit side roll to 810 *C at a cooling rate of 24500 ''C/s. It was then carbonization 
annealed in wet hydrogen. 

35 An identical steel strip was induction heated to 746 • C at a heating rate of 250 ' C/s and then, without 
being cooled, was heated to 850 'C at 15 •C/s and decarburization annealed in wet hydrogen. 

The two types of decarburization annealed strips were coated with MgO powder and then high- 
temperature annealed in a hydrogen gas atmosphere at 1200 ' C for 10 hours. 

Table 6 shows the magnetic properties of the products obtained. A product with satisfactory magnetic 
40 properties was obtained by the electric heating roil method. 



Table 5 

; (wt%) 



45 



c si 


Mn 


P 


S 


sol.Al 


N 


Cu 


Sn 


0.070 3,05 


0.082 


0.010 


0.022 


0.0267 


0.0090 


0.073 


0. 113 



50 Table 6 



55 



Test conditions 


Mag. flux density Bs (T) 


Core loss W17/80 (kg/W) 


Remark 


Electric rolls 


1 .95 


0.78 


Invention 


Induction heating 


1.92 


0.89 


Comparative Example 
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• C for 1 



(Example 4) 

2.3 mm hot rolled strips of the chemical composition shown in Table 7 were annealed at 1100 
minute and then cold rolled to a final thickness of 0.27 mm. 

□merent ones of the so-oblained strips were healed to 840 -C at 10 -C/s. 115 -C/s and 300 'C/s 
during the heating phase of decarburization annealing and then immediately cooled to 750 -C at the rateo. 
20000 -C/s The respective atmosphere conditions at this time are shown in Table 8. Each strip was then 
decarburization annealed in wet hydrogen at a uniform temperature of 840 -C coated with MgO powder 
and then high-temperature annealed in a hydrogen gas atmosphere at 1^0 -C for 10 hours. Excess MgO 
was removed from the resulting strips and an insulating film was applied over the forstente film that had 

*°""-SbleTshows the magnetic properties of the products obtained. The invention produced grain-oriented 
electrical steel sheets with excellent core loss property. 
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Table 7 






(Wt%) 




c 


Si 


Mn 


P 


s 


sol. Al 


N 


20 


0.070 


3.15 


0. 083 


0. 008 


0.023 


0. 0280 


0. 0087 



Table 8 



25 



30 



35 



40 



Test 
conditions 


Decarb annealing 
heating rate ( • C/s) 


Ph20/Ph2 


Mag. flux 
density Bs (T) 


Core loss 
Wi7/5o (kg/w) 


Forsterite film 
condition 


Remark 


A 


10 


0.30 


1.91 


0.98 


Good 


Comp.Ex 


B 


10 


0.15 


1.91 


1.02 


Good 


Comp.Ex 


C 


115 


0.30 


1.88 


1.10 


Poor 


Comp.Ex 


D 


115 


0.10 


1.92 


0.88 


Good 


tnvnVn 


E 


300 


0.35 


1.90 


0.93 


Poor 


Comp.Ex 


F 


300 


0.30 


1.91 


0.94 


Poor 


Comp.Ex 


G 


300 


0.15 


1.93 


0.87 


Good 


Invnfn 


H 


300 


0.10 


1^43 


0.86 


Good 


Invnt'n 
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(Example 5) 

23 mm hot rolled strips of the chemical composition shown in Table 9 were annealed at 1100 -C for 1 
minute and then cold rolled to a final thickness of 0.27 mm either with annealirig being conducted at a strip 
temperature of 200 -C for 2 minutes during rolling or with rolling being conducted at normal temperature 

The two types of rolled strips were heated to 845 -C at a heating rate of 290 'C/s by two pairs of 
direct electric heating rolls and then cooled to 750 -C at 24000 'C/s. Each s*ip was then decarbunza^on 
annealed in wet hydrogen at a unifom, temperature of 845 -C. coated with MgO powder and then h.gh- 
temSralure annexed .n a hydrogen gas atmosphere at 1200 -C for 10 hours. Excess MgO was removed 
from^S resuHlng strips and an insulating film was applied over the forsterite film that had formed thereon_ 
Table 10 shows the magnetic properties of the products obtained. The invention produced grain-onented 
electrical steel sheets with excellent core loss property. 
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Table 9 

(wt%) 



c 


Si 


Mn 


P 


S 


sol . Al 


N 


0. 070 


3.15 


0. 083 


0.008 


0 . 023 


0.0280 


0.0087 



-TO • Table 10 



Test 
conditions 


Heating rate ( • C/s) 


Heat treatment 
during roiling? 


Mag. flux 
density Bs (T) 


Core loss W17/50 (kg/W) 


Remark 


A 


290 


Yes 


1 .94 . 


0.82 


Invnfn 


B 


290 


No 


1.92 


0.93 


Comp.Ex 



20 (Example 6) 

Table 11 shows the secondary recrystallization grain diameter and the average deviations of the 
orientation of the secondary recrystallization grains with diameters not greater than 10 mm from the rolling 
direction and the sheet plane direction with respect to the ideal (110) [001] orientation: 
25 Since the grain-oriented electrical steel sheets according to the invention have a grain diameter of 1 - 
10 mm and exhibit grain orientations that on average deviate from the ideal (110) [001] direction by not 
more than 4* In the rolling direction and between 1 and 3* In the sheet plane direction, they have very low 
core losses. 



Table 11 



35 



40 



Test 
condi- 
tions 


Heating 
rate 

CC/s) 


Max teRf}. 

CO 


Cool ing 
rate 

CC/s) 


Hag. flux 
density Bg 

<T) 


Core loss 
"17/50 
fkg/U) 


2ndry 
recrystal- 
l izstion grain 
dia. (MB) 


Dev. from 

rolling 
direction . 
<•> 


Dev. ■ f ro« 
sheet plane 
direction 
<•> 


Remark 


H 


144 


851 


20 


1.92 


0.91 


5,5 


4.3 


4.1 


Conp.Ex 




132 


505 


ZAOOO 


1.89 


0.89 


18.7 


5.1 


1.2 


Ccmp.Ex 


J 


135 


620 


2AOO0 


1.90 


0.91 


19.5 


4.5 


3.1 


Conp.Ex 


K 


86 


705 


220 


1.94 


0.84 


5.0 


2.6 


1.7 


Invnt'n 


I 


U1 


863 


240 


1.93 


0.88 


3.1 


' 3.1 


1.8 


Invnt'n 


H 


150 


850 


1600 


1.93 


0.82 


3.1 


2.4 


2.1 


]nvnt*n 



45 (Example 7) 

A steel melt including the components shown in Table 12 was cast and the resulting slab was heated 
and then hot rolled into a 2.3 mm hot rolled strip. The strip was annealed at 1100 for 5 min, pickled, and 
then cold rolled to a thickness of 0.22 mm. The rolled strip was heated to 851 at a heating rate of 250 . 

50 • C/s by two pairs of direct electric heating rolls and 0,01 second after reaching its maximum temperature 
was cooled by the exit side roll to 790 "C at a cooling rate of 24500 *C/s. It was then decarburization 
annealed in wet hydrogen. 

The decarburization annealed strip was coated with MgO powder and then high-temperature annealed 
in a hydrogen gas atmosphere at 1200 * C for 10 hours. 

55 Since the so-obtained grain-oriented electrical steel sheet had a grain diameter of 2.3 mm and exhibited 
a grain orientation that on average deviated from the ideal (110) [001] direction by 1.2* In the rolling 
direction and 1.7* in the sheet plane direction, it had a very low core loss W17/50 of 0.66 (kg/W) a magnetic 
flux density Ba of 1 .96 (T). 
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Table 12 

(wt%) 



c 


Si Mn 


P 


S 


sol.Al 


N 


Bi 


0-070 


3-15 0.083 


0.008 


0.023 


0.0280 


0.0087 


0.0067 



Claims 

1. A method of producing a grain-oriented electrical steel sheet with a very low core loss comprising the 
steps of obtaining a rolled strip of final product thickness using as a starting material molten steel 
consisting of not more than 0.10 wt% C. 2.5 - 7.0 wt% Si, ordinary inhibitor components and the 
balance of iron and unavoidable impurities, heating the strip to a temperature range of not less than 700 
•C at a heating rate of not less than 80 "C/s and within 0.1 second after the maximum temperature 
has been reached cooling the strip at a cooling rate of not less than 50 • C/s, and subjecting the strip to 
decarburization annealing and final finish annealing. 

2- A method of producing a grain-oriented electrical steel sheet with a very low core loss according to 
claim 1, wherein the step of rapidly heating and cooling the strip is conducted by passing electric 
current through the strip between rolls to heat the strip and cooling it by a roll on the heated side. 

3. A method of producing a grain-oriented electrical steel sheet with a very low core loss according to 
claim 1 or claim 2 wherein the step of rapidly heating and cooling the strip Is conducted in a non- 
oxidizing atmosphere. 

4. A method of producing a grain-oriented electrical steel sheet with a very low core loss according to any 
of claims 1 to 3. wherein the strip is heat treated by being held for not less than one minute in a 
temperature range not lower than 100 •€ one or more times at intermediate thickness stages in the 
course of rolling to final product thickness. 

5. A method of producing a grain-oriented electrical steel sheet with a very low core loss according to any 
of claims 1 to 4, further comprising a step of subjecting the grain-oriented electrical steel sheet to a 
treatment for magnetic domain subdivision. 

6- A grain-oriented electrical steel sheet with a very low core loss which has a grain diameter of 1 - 10 
mm and exhibits grain orientation that on average deviates from the ideal (110) [001] direction by not 
more than 4* in the rolling direction and between 1 and 3* in the sheet plane direction, 

7. A grain-oriented electrical steel sheet, producible with the method according to any one of claims 1 to 
5. 
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